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(57) A control apparatus in a magnetic levitation 
system is provided which controls attraction and/or 
repulsion forces created from a pair of electromagnets 
to levitate an object therebetween at a predetermined 
target position in a contactless manner, in response to a 
displacement of the object from the target position. The 
control apparatus includes a start/stop detector, a 
phase compensation circuit, an integrator, and a switch- 
ing circuit. The start/stop detector detects a start and 
stop of a levitation control procedure and generates a 
control signal having a predetermined time duration 
when either of the start and stop of the levitation control 
procedure is detected. The compensation circuit pro- 



vides a compensation signal to compensate AC cur- 
rents flowing through the electromagnet so that the 
displacement of the object from the target position 
becomes zero. The integrator integrates the compensa- 
tion signal. The switching circuit outputs the compensa- 
tion signal when the control signal is not generated from 
the start/stop detector, and the integrated compensa- 
tion signal when the control signal is generated. There- 
fore, the magnetic forces*f rom the electromagnets to the 
object gradually varies at the beginning and ending of 
the procedure and hence the object is gradually levi- 
tated and seated. 



Fig. 5 



SENSOR 
SIGNAL 
PROCESSING 
21 



SOFT CONTBOl 40 

cracurr 



W1E6RAT0R 
43 



cJlKlBaiLj 



M COMPARATOR LI COMPBWTMN 



J 



VARIABLE SAIN 
AMP 
24 



TP SIGNAL 
GENERATOR 
28 



DOS 
_12_ 



] [ 



EM 

11 



MAIN 
AMP 

21 



DOS 
14 



] [ 



EM 
13 



Q_ 
LU 



Primed by Xerox (UK) Business Services 
2.167 (HRSJ/3.6 



08/14/2003, EAST Version: 1.04.0000 



1 



EP 1 035 643 A2 



2 



Description 

[0001] #The present invention relates to a magnetic 
levitation system for levitating and supporting a magnet- 
izable object as a target in a predetermined position in a 
contactless manner through magnetic attraction or 
repulsioTTforces caused by electromagnets. More par- 
ticularly, the present invention pertains to a control 
apparatus for controlling such a magnetic levitation sys- 
tem as above, which is capable of depressing a tran- 
sient response presented by a magnetizable object at 
the beginning and the ending of levitation control. 
[0002] Fig. 1 illustrates a schematic diagram show- 
ing an arrangement of a target or magnetizable object 
15 to be levitated, electromagnets 11 and 13, and dis- 
tance detection sensors 12 and 14 in a conventional 
magnetic levitation system. As shown -in Fig. 1 , the 
object 15 is disposed between the electromagnets 11 
and 13 and also between the distance detection sen- 
sors 12 and 14. 

[0003] The object 1 5 is levitated by magnetic attrac- 
tion and/or repulsion forces generated by the electro- 
magnets 1 1 and 13. The distance detection sensors 12 
and 14 detect distances from the object 15 to the sen- 
sors and generate distance signals, respectively. The 
generated signals are then provided to a control unit 
(shown in Fig. 2), which controls phases and frequen- 
cies of AC currents flowing through the electromagnets 
11 and 13 in response to the distance signals, so that 
the object 1 5 is levitated at a predetermined target posi- 
tion between the electromagnets 1 1 and 1 3. 
[0004] Fig. 2 shows a block diagram of a prior art 
magnetic levitation system including a control unit 20 
connected to the electromagnets 11 and 13 (EMs) and 
the distance detection sensors (DDSs) 12 and 14. The 
control unit 20 comprises a sensor signal processing 
circuit 21, a comparator 22, a phase compensation cir- 
cuit 23, a variable gain amplifier 24, a main amplifier 25 
and a target position (TP) signal generator 28. The dis- 
tance signals detected by the sensors 12 and 14 are 
inputted to the sensor signal processing circuit 21, 
where a current levitation position of the object 1 5 is cal- 
culated in response to the distance signals. The 
obtained current position signal is compared at the com- 
parator 22 with a target levitation position signal from 
the target position signal generator 28 to generate a sig- 
nal representing a displacement between the current 
and target positions of the object 15. The phase com- 
pensation circuit 23 determines compensation currents 
or compensation frequencies and phases of the AC cur- 
rents flowing through the electromagnets 1 1 and 13 so 
that the displacement signal from the comparator 22 
becomes zero. The electromagnets 11 and 13 receive 
the compensated AC currents through the variable gain 
amplifier 24 and the main amplifier 25, and thus provide 
the object 15 with adequate magnetic attraction and/or 
repulsion forces to levitate the object 15 at the target 
position. Therefore, by such a feedback control as 



described aboyeHhe obiect„1. 5 can be levitated and ' 
supported at the target position, between the electro- 
magnets -11 and. 13. 

[0005] According to the aforementioned prior art 

5 control manner, a target position signal is already set at 
the target position signal generator 28, before a levita- 
tion control procedure is carried out Accordingly, when 
the levitation system initiates a levitation control proce- 
dure of an object levitation, since a displacement 

10 between a current position and a target position is rela- 
tively large, electromagnetic forces from the electro- 
magnets 11 and 13 to the object 15 relatively large at 
the starting time of the procedure. Therefore, as is rep- 
resented by A in Fig. 3, when the control starts at a time 

is to, the objects 15 rises from a seated position C to a 
position above the target position B and then falls to a 
position under the target position B, due to feedback 
response characteristics etc. of the magnetic levitation 
system. Thus, the object 15 swings around the target 

20 position B until the levitation control becomes stable 
condition at t1 , as shown in Fig. 3. 
[0006] In other words, at the moment to magnetic 
levitation of the object 15 is started, the sensor signal 
processing circuit 21 outputs a current position signal 

25 indicating that the object 1 5 is at the seated position C, 
and therefore, the comparator 22 outputs a differential 
signal indicating a difference between the target posi- 
tion signal from the generator 28 and the current posi- 
tion signal from the sensor signal processing circuit 21. 

30 As a result, an output from the comparator 22 changes 
stepwise at to as is indicated by D in Fig. 3. Therefore, 
an output of the phase characteristic compensation cir- 
cuit 23 also varies stepwise, which causes the object 1 5 
to suddenly levitate to the portion above the target por- 

35 tion B. In response thereto, the system renders the 
object 15 to fall down by the feedback control, by which 
the object 15 fall down to the position under the target 
position B. 

[0007] The up- and-down or fluctuation of the object 

*o 1 5 is gradually damped and, the position of thereof is 
finally stabilized at the target position B at t1 . 
[0008] It has been confirmed by experiments, etc. 
that such a fluctuation or oscillation of an object at the 
beginning of a levitation control procedure in a magnetic 

45 levitation system appears in such cases that a station- 
ary position or seated position C of the object 15 is not 
constant with respect to a target position B, and start 
condition of levitation of the object 15 is not constant 
with respect to AC currents flowing through electromag- 

50 nets 1 1 and 1 3. In the worst case, the object 1 5 repeat- 
edly comes into contact with the electromagnets 1 1 and 
1 3 until the object 1 5 is levitated at the target position B 
in a stable manner. As a result thereof, the object 15 
and/or the magnets 11 and 13 could be damaged and 

55 dust could be produced thereby. Such dust causes 
problems in particular when the magnetic levitation sys- 
tem is utilized in a semiconductor production system 
and so on. 
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[0009] Further, when the levitation control proce- 
dure is stopped, the target position signal from the cir- 
cuit 28 is suddenly lowered to indicate the seated 
position C, while the current position signal from the 
sensor signal processing circuit 21 is still indicate the 
target position B. As a result, the output from the com- 
parator 22 and hence the output from the compensation 
circuit 23 change stepwise to provide no current to the 
electromagnets 1 1 and 13. Thus, as shown by E in Fig. 
4, when the control procedure is stopped at t2, the 
object 15 is steeply descent to the seated position C 
and it bounds therefrom, resulting in that the object 15 
and/or the magnets 11 and 13 could be damaged and 
dust could be produced. 

[0010] The present invention has been accom- 
plished in order to obviate the aforementioned problems 
of the prior arts. Thus, it is an object of the present 
invention to provide a control apparatus for controlling a 
magnetic levitation system, which is capable of prevent- 
ing fluctuation or oscillation of a targeted object from 
occurring at the beginning and ending of a levitation 
control procedure, and thereby of preventing the object 
from coming into contact with electromagnets due to the 
oscillation. 

[0011] In view of one aspect of the present inven- 
tion, it provides a control apparatus in a magnetic levita- 
tion system, for controlling attraction and/or repulsion 
forces created from a pair of electromagnets to levitate 
an object therebetween at a predetermined target posi- 
tion in a contactless manner, in response to a displace- 
ment of the object from the target position, the control 
apparatus comprising: (a) a start/stop detector for 
detecting a start and stop of a levitation control proce- 
dure and generating a control signal having a predeter- 
mined time duration when either of the start and stop of 
the levitation control procedure is detected: (b) a com- 
pensation circuit for providing a compensation signal to 
compensate AC currents flowing through the electro- 
magnet so that the displacement of the object from the 
target position becomes zero; (c) an integrator for inte- 
grating the compensation signal; and (d) a switching cir- 
cuit for providing the compensation signal outputted 
from the compensation circuit when the control signal is 
not generated from the start/stop detector, and the inte- 
grated compensation signal outputted from the integra- 
tor when the control signal is generated, whereby the 
magnetic forces from the electromagnets to the object 
gradually varies at the beginning and ending of the pro- 
cedure and hence the object is gradually levitated and 
seated. 

[0012] In view of another aspect of the present 
invention, it provides a control apparatus in a magnetic 
levitation system, for controlling attraction and/or repul- 
sion forces created from a pair of electromagnets to lev- 
itate an object therebetween at a predetermined target 
position in a contactless manner, in response to a dis- 
placement of the object from the target position, the 
control apparatus comprising: (a) a start/stop detector 



for detecting a start and stop of a levitation control pro- 
cedure and generating a control signal having a prede- 
termined time duration when either of the start and stop 
of the levitation control procedure is detected; (b) a 

s compensation circuit for providing a compensation sig- 
nal to compensate AC currents flowing through the 
electromagnet so that the displacement of the object 
from the target position becomes zero; (c) an integrator 
for integrating a signal representing the displacement of 

w the object from the target position; and (d) a switching 
circuit for providing the displacement signal to the com- 
pensation circuit when the control signal is not gener- 
ated from the start/stop detector, and the integrated 
displacement signal outputted from the integrator to the 

15 compensation circuit when the control signal is gener- 
ated, whereby the magnetic forces from the electromag- 
nets to the object gradually varies at the beginning and 
ending of the procedure and hence the object is gradu- 
ally levitated and seated. 

20 

Fig. 1 is a schematic diagram showing relationships 
in location among an object to be levitated, electro- 
magnets and distance detection sensors in a con- 
ventional magnetic levitation system; 
25 Fig. 2 is a block diagram indicating a constitution of 
a magnetic levitation system according to a prior 
art; 

Fig. 3 shows a graph for explaining a motion of an 
object at the beginning of a levitation control proce- 

30 dure in the prior art system shown in Fig. 2: 

Fig. 4 shows a graph for explaining a motion of an 
object at the end of a levitation control procedure in 
the prior art system shown in Fig. 2; 
Fig. 5 is a block diagram illustrating a magnetic lev- 

35 itation system according to the present invention; 

Fig. 6 is a circuit diagram of a signal integrator 
incorporated in the system shown in Fig. 5; 
Fig. 7 illustrates a graph for explaining a motion of 
an object at the beginning of a levitation control pro- 

40 cedure in the system shown in Fig. 5 according to 
the present invention; and 
Fig. 8 shows a graph for explaining a motion of an 
object at the end of a levitation control procedure in 
the system shown in Fig. 5 according to the present 

45 invention: and 

Fig. 9 is a block diagram illustrating another mag- 
netic levitation system according to the present 
invention. 

so [0013] Hereafter, embodiments of the present 
invention will be specifically explained by reference to 
Figs. 5 - 9. In these drawings, the same reference 
numerals and symbols as those in Figs. 1 - 4 denote the 
same or similar components as or to those in Figs. 1 - 4. 

55 [0014] Fig. 5 shows an embodiment of a magnetic 
levitation system according to the present invention. 
The system comprises electromagnets 11 and 13, dis- 
tance detection sensors 12 and 14, and a control unit 
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20, wherein a target objed 15 of a magnetizable mate- 
rial is positioned between the electromagnets 1 1 and 13 
and between the distance detection sensors 12 and 14, 
as illustrated in Figs. 1 and 2. The control unit 20 
according to the present invention includes a sensor 
signal processing circuit 21, comparator 22, a phase 
compensation circuit 23, a variable gain amplifier 24, a 
main amplifier 23, and a target position signal generator 
28, similar to the prior system shown in Fig. 2, provided 
that the phase compensation circuit 23 is not directly 
connected to the variable gain amplifier 24. 
[0015] The control unit 20 of the present invention 
additionally contains a soft control circuit 40 including a 
start/stop detector 41 , a switching circuit 42 and a signal 
integrator 43. The start/stop detector 41 detects start- 
ing/stopping of a levitation operation of the system and 
provides a control signal having a time duration which is 
nearly equal to, but less than an object fluctuation dura- 
tion (tO to t1 shown in Fig. 3). The switching circuit 42 is 
inserted between the phase compensation circuit 23 
and variable gain amplifier 24, and normally connects 
an output of the compensation circuit 23 with an input of 
the variable gain amplifier 24. However, it connects an 
output of the signal integrator 43 to the input of the var- 
iable gain amplifier 24 when it receives the control sig- 
nal from the start/stop detector 41 . An input of the signal 
integrator 43 is connected to the phase compensation 
circuit 23. The signal integrator 43 constitutes, for 
instance, as a time constant circuit including a capacitor 
43-1 and resistor 43-2, as shown in Fig. 6. 
[0016] When a levitation control procedure is 
started in the levitation system shown in Fig. 5, the initi- 
ation of the procedure is detected by the start/stop 
detector 41 of the soft control circuit 40, and then the 
detector 41 provides the control signal to the switching 
circuit 42. In response to the control signal, the switch- 
ing circuit 42 changes its connection condition so as to 
connect the input of the variable gain amplifier 24 to the 
output of the signal integrator 43 for the predetermined 
time duration determined by the control signal. Simulta- 
neously, the signal integrator 43 starts integrating a 
compensation signal from the compensation circuit 23 
to smooth the signal. Therefore, the integrated signal is 
applied to the variable gain amplifier 24 through the 
switching circuit 42. 

[0017] Consequently, each of AC currents flowing 
through the electromagnets 11 and 13 is not suddenly 
varied at the beginning of the levitation operation, and 
thus magnetic attraction and/or repulsion forces there- 
from gradually increase. Therefore, the object 15 is 
gradually levitated from a seated position C to a target 
position B as is indicated by G shown in Fig. 7, and thus 
fluctuation of the object 1 5 indicated by A shown in Figs. 
7 and 3 is prevented. 

[0018] After the time duration expires, the control 
signal from the start/stop detector 41 is disabled. As a 
result, the switching circuit 42 returns to its normal con- 
dition so as to connect the input of the variable gain 



amplifier 24 with the output of the compensation circuit 
23. Therefore, the levitation of the object 15 is controlled 
by the normal feedback manner. 
[0019] Further, in the system shown in Rg. 5, when 

5 the levitation control procedure should be stopped, the 
target position signal generator 28 changes the level of 
the target position signal to represent the seated posi- 
tion C. In response thereto, the compensation circuit 23 
changes its compensation output stepwise. At that time, 

10 since the start/stop detector 41 detects the ending of 
the levitation control procedure and thus creates a con- 
trol signal again to the switching circuit 42, the steeply 
varied compensation output from the phase compensa- 
tion circuit 23 is not transferred to the variable gain 

is amplifier 24. Instead, the amplifier 24 receives the 
smoothed compensation signal from the signal integra- 
tor 43, and thus the magnetic forces of the electromag- 
nets 1 1 and 13 gradually vary. Therefore, the object 15 
can soft land at the seated position C, as illustrated by F 

20 in Fig. 8, in comparison with an object movement 
denoted by E in Fig. 8 according to the prior levitation 
system shown in Fig. 2. 

[0020] Although the RC circuit as shown in Rg. 6 is 
utilized as the signal integrator 43 in the above embodi- 
25 ment, any other integrator may be employed instead 
thereof. However, it is preferable to use a variable time 
constant circuit as the integrator to adjust the smoothing 
curve therefrom. 

[0021] Rg. 9 shows another embodiment of the 

30 present invention, in which a signal switching circuit 42 
is inserted between a comparator 22 and a phase com- 
pensation circuit 23. The remaining components are the 
same as those in the first embodiment shown in Fig. 5. 
The second embodiment operates in a similar manner 

35 to the first embodiment provided that a signal integrator 
43 integrates an output signal from the comparator 22, 
and the switching circuit 42 selectively outputs the com- 
parator output signal and the integrated signal thereof to 
the phase compensation circuit 23 in the second 

40 embodiment. This embodiment can derive the same 
advantages as those in the first one. 
[0022] Further, in order to obtain gradual levitation 
and descent of the object at the beginning and ending of 
the levitation control procedure, it is possible to vary the 

45 level of the target position signal from the target position 
signal generator 28, such that the comparator 22 pro- 
vides a displacement signal which gradually increases 
and decreases at the beginning and ending of a levita- 
tion control procedure. 

so [0023] As is described above, the control apparatus 
according to the present invention is capable of soft lev- 
itation and soft landing of an object at the beginning and 
ending of a levitation control procedure, respectively. 
Therefore, it can prevent the object from contact with 

55 electromagnets. Consequently, failure of the object and 
electromagnets caused by the contact can be prevented 
and thus occurrence of dust can be also prevented. 
[0024] It is further understood by those skilled in the 
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art that the forgoing description is preferred embodi- 
ments of the disclosed device and that various changes 
and modifications may be made in the invention without 
departing from the spirit and scope thereof. 

5 

Claims 

1 . A control apparatus in a magnetic levitation system, 
for controlling attraction and/or repulsion forces cre- 
ated from a pair of electromagnets to levitate art 10 
object therebetween at a predetermined target 
position in a contactless manner, in response to a 
displacement of the object from the target position, 

the control apparatus comprising: 

15 

a start/stop detector for detecting a start and 
stop of a levitation control procedure and gen- 
erating a control signal having a predetermined 
time duration when either of the start and stop 
of the levitation control procedure is detected; 20 
a compensation circuit for providing a compen- 
sation signal to compensate AC currents flow- 
ing through the electromagnet so that the 
displacement of the object from the target posi- 
tion becomes zero; zs 
an integrator for integrating the compensation 
signal; and 

a switching circuit for providing the compensa- 
tion signal outputted from the compensation 
circuit when the control signal is not generated 30 
from the start/stop detector, and the integrated 
compensation signal outputted from the inte- 
grator when the control signal is generated, 
whereby the magnetic forces from the electro- 
magnets to the object gradually varies at the 35 
beginning and ending of the procedure and 
hence the object is gradually levitated and 
seated. 

2. A control apparatus in a magnetic levitation system. 40 
for controlling attraction and/or repulsion forces cre- 
ated from a pair of electromagnets to levitate an 
object therebetween at a predetermined target 
position in a contactless manner, in response to a 
displacement of the object from the target position, 45 
the control apparatus comprising: 

a start/stop detector for detecting a start and 
stop of a levitation control procedure and gen- 
erating a control signal having a predetermined so 
time duration when either of the start and stop 
of the levitation control procedure is detected; 
a compensation circuit for providing a compen- 
sation signal to compensate AC currents flow- 
ing through the electromagnet so that the 55 
displacement of the object from the target posi- 
tion becomes zero; 

an integrator for integrating a signal represent- 



ing the displacement of the object from the tar- 
get position; and 

a switching circuit for providing the displace- 
ment signal to the compensation circuit when 
the control signal is not generated from the 
start/stop detector, and the integrated displace- 
ment signal outputted from the integrator to the 
compensation circuit when the control signal is 
generated, whereby the magnetic forces from 
the electromagnets to the object gradually var- 
ies at the beginning and ending of the proce- 
dure and hence the object is gradually levitated 
and seated. 
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